. Specifically, the ISN is observed fined. In Drosophila, the Even-skipped (Eve) transcripto inappropriately (1) stall, (2) branch excessively, (3) tion factor specifies dorsal motor-axon projection [5] cross segment boundaries, and (4) project beyond the through the regulation of unidentified guidance moledorsal target muscles ( Figures 1B and 1D) . Both NetAB cules. The Netrins and their attractive and repulsive and fra mutants also frequently disrupt the normal venreceptors DCC and Unc-5, respectively, define importral ISNb innervation of the NetB expressing muscles 6 tant conserved cue and receptor families that control and 7 (Figures 1B and 1D ). In addition, lateral SNa axon growth-cone guidance [6]. In Drosophila, the Netrins projections are disrupted in NetAB double mutants. In and frazzled (the fly homolog of DCC) contribute to wild-type, SNa projects to the lateral muscle field, motor-axon guidance [7-9]. Here, using genetics and where it bifurcates to innervate muscles 5 and 8 and single-cell mRNA-expression analysis, we show that transverse muscles 21, 22, 23, and 24 ( Figure 1A) . In expression and requirement of different Netrin recepNetAB double mutants, SNa sometimes stalls or is tor combinations correlate with distinct dorsal and missing one of the two major branches ( Figure 1B) . We ventral motor-axon projections in Drosophila. Misexdo not see these phenotypes in fra mutants ( Figure 1D ), pression of eve dorsalizes ventral axons in part suggesting that Netrin's influence on SNa guidance is through the upregulation of Unc-5, whereas loss of fra-independent. This finding is consistent with previeve function in two dorsally projecting motor neurons ous observations that the NetB gain-of-function phenoresults in aberrant axon projections and a failure to type in SNa is fra-independent [16]. express Unc-5. Our results support a functional link Loss of Unc-5 function results in defects that overlap between the expression of distinct Netrin receptor with the phenotypes observed in fra and NetAB mucombinations and the transcriptional control of dortants ( Figure 1C) . Specifically, in Unc-5 mutants, like in sal motor-axon guidance.
(B-D, middle panels) The ISN can be seen inappropriately crossing the segment boundary and fasciculating with the ISN in neighboring segments (arrows with asterisks). NetAB double mutants exhibit defects in 23.5% ± 3.3% of all segments examined (B), and Unc-5 mutants exhibit defects in 24.5% ± 3.5% of all segments examined (C). The ISN defects are observed less frequently in fra mutants, where defects were exhibited in 6.3% ± 1.
8% of all segments examined (D). (A, bottom panel) Wild-type. The SNa and ISNb nerve branches are indicated. Note the two branches of the SNa as they make appropriate contacts with their target muscles (arrowheads). The normal innervation of muscles 6 and 7 by the ISNb is also indicated (arrowheads). (B-D, bottom panels) In NetAB double mutants (B)
, and Unc-5 mutants (C), one or both of the SNa branches are sometimes missing (arrowheads with asterisks). NetAB double mutants and Unc-5 mutants exhibit these SNa defects in 15.3% ± 4.3% and 19.4% to 28.2% ± 3.9% of all segments examined, respectively. In contrast, in fra mutants (D), SNa innervations are normal (arrowheads). In NetAB double mutants (B) and fra mutants (D), the ISNb innervation of muscles 6 and 7 is often absent (arrowheads with asterisks). NetAB double mutants and fra mutants exhibit this ISNb phenotype in 39.7% and 28.2% of all segments examined, respectively. In Unc-5 mutants (C), ISNb innervations are normal (arrowheads). sive function. Finally, in contrast to NetAB and fra, ISNb relation between the relative dorsal/ventral projection pattern of motor neurons and the genetic requirement guidance is normal in Unc-5 mutants (Figure 1C) (Figures 2A, 2D, and 2E) . Thus, there is good agreement between the mRNA expression data and the scription factor provides another example of functional Previous studies have established that eve specifies Unc-5 should also change the normal behavior of ISNb axons and cause them to project more dorsally. This is the dorsal growth of ISN motor axons [5, 17] . For example, loss of eve function in just two dorsally projecting indeed the case: Unc-5 misexpression results in dramatic defects in the normal ventral guidance of ISNb, ISN motor neurons, RP2 and aCC, results in a failure of these neurons to project dorsally [17] . Interestingly, in thereby redirecting these axons dorsally ( Figures 3C  and 3F) . Importantly, the Unc-5 gain-of-function phenothese eve mosaic mutants, generated by rescuing eve null mutants with expression of eve under the control type is dependent on endogenous Netrin expression ( Figure 3I ). To further confirm the specificity of the of a promoter element that recapitulates the entire eve expression pattern (except for the expression in the Unc-5 gain-of-function phenotype and to test the idea that the dorsalizing effect of Unc-5 in the ISNb is due RP2, aCC, and pCC neurons [17] ), ISN axons are frequently observed to inappropriately cross segment to Unc-5 signaling, we misexpressed chimeric Unc-5-Fra and Fra-Unc-5 receptors [10] and found that only boundaries ( Figures 3A-3C) , a phenotype reminiscent of Unc-5 mutants. In contrast to eve loss of function, Fra-Unc-5 (consisting of fra's ectodomain fused to the cytoplasmic domain of Unc-5) showed effects on the misexpression of eve in ventrally projecting ISNb motor neurons redirects their axons dorsally, where they join ISNb ( Figure 3I) . Furthermore, misexpression of fulllength fra had no effect on the ISNb (data not shown). and fasciculate with the dorsal branch of the ISN (Fig-Importantly , Unc-5 expression is detected in other neurons and glia that are wild-type for eve at comparable levels to their heterozygous siblings (Figures 4A-4C) . In contrast, expression of fra in eve mosaic mutants is not significantly affected (data not shown). To further test the relationship between eve and Unc-5, we examined whether the dorsal-extension defects in eve mosaic mutants could be "rescued" by expressing Unc-5 just in RP2 and aCC. In contrast to eve mosaic mutants, where aCC and RP2 seldom exit the CNS (Figure 5B ), targeted expression of Unc-5 in these cells in eve mosaic mutants results in significant rescue of dorsal guidance ( Figure 5C ), a result that strongly supports the Figure 3F ). This is perhaps not too surprisThus, the Netrin receptors are likely to represent only ing, because Unc-5 is normally expressed in SNa. a fraction of the differentially regulated targets of the Given that fra is normally not expressed in the lateral transcription-factor code. It will be interesting in the fuSNa, we wondered whether eve's ability to drive the ture to identify additional molecules that constitute the SNa dorsally could be caused by the upregulation of readout of transcriptional identity in motor neurons and the fra receptor in these neurons. To test this idea, we to assess the similarities and differences between inectopically expressed fra in order to change the Netrinvertebrate and vertebrate systems. receptor combination in SNa to the combination present normally in the more dorsal ISN (i.e., fra + Unc-5); however, this manipulation did not significantly affect mRNA expression in both aCC and RP2 ( Figure 4B ).
